Four bacterial species are known to catalyze ice formation at temperatures just below 00C. To better understand the relationship between the molecular structure of bacterial ice-nucleation site(s) and the quantitative and qualitative features of the ice-nucleation-active phenotype, we determined by vrradiation analysis the in situ size of icenucleation sites in strains of Pseudomonas syringae and ErwinWa herbicola and in Escherchia coli HB101 carrying the plasmid pICE1.1 (containing a 4-kilobase DNA insert from P. syringae that confers ice-nucleation activity). Lyophilized cells of each bacterial strain were irradiated with a flux of y radiation from 0 to 10.2 Mrad (1 Mrad = 106 J/kg). Differential concentrations of active ice nuclei decreased as a first-order function of radiation dose in all strains as temperature was decreased from -20C to -14C in PC intervals.
nucleation sites in strains of Pseudomonas syringae and ErwinWa herbicola and in Escherchia coli HB101 carrying the plasmid pICE1.1 (containing a 4-kilobase DNA insert from P. syringae that confers ice-nucleation activity). Lyophilized cells of each bacterial strain were irradiated with a flux of y radiation from 0 to 10.2 Mrad (1 Mrad = 106 J/kg). Differential concentrations of active ice nuclei decreased as a first-order function of radiation dose in all strains as temperature was decreased from -20C to -14C in PC intervals.
Sizes of ice nuclei were calculated from the Vrradiation flux at which 37% of initial ice nuclei active within each 10C temperature interval remained. The minimum mass of a functional ice nucleus, active only between -r12c and -130C, was about 150 kDa for all strains. The size of ice nuclei increased logarithmically with increasing temperature from -12C to -r2C, where the estimated nucleant mass was 19,000 kDa. The ice nucleant in these three bacterial species may represent an oligomeric structure, composed at least in part of an ice gene product that can self-associate to assume many possible sizes.
Four species of bacteria are known to act as catalysts for ice formation in aqueous solutions at temperatures only slightly below 0C. Several pathovars ofPseudomonas syringae Van Hall and some strains of Erwinia herbicola (Lohnis) Dye, Pseudomonas fluorescens biotype G (Migula), and Pseudomonas viridiflava are the most active sources of biologically derived ice nuclei yet discovered (1) (2) (3) (4) (5) (6) . These icenucleation-active (INA) bacteria are found on plant surfaces and other habitats throughout North America, Europe, and Asia (2, 7, 8) . The presence of INA bacteria on leaves and other plant parts prevents water on and within frost-sensitive plants from supercooling, thus leading to internal ice formation and frost damage (3, 7, 9) . It has been hypothesized that by virtue of their ice-nucleation capability, these bacteria may play a role in global climatology, serving as atmospheric freezing nuclei important in precipitation processes (10, 11) .
Physiological and biochemical investigations have shown that the ice-nucleation site of INA bacteria is proteinaceous and preferentially localized in the outer membrane (12) . Lipids and other membrane components, while not sufficient to serve as a nucleating site, may be a part of or act to stabilize the active catalytic site (13) (14) (15) . A cloned 4-kilobase DNA sequence from the P. syringae ice region confers icenucleation activity on Escherichia coli (16) . A single large protein product (ca. 150 kDa) is apparently encoded by the ice region of P. syringae (17, 18) .
Several workers have employed radiation inactivation analysis for the estimation of in situ molecular size of membrane bound enzymes and other proteins and macromolecules (19, 20) , solubilized proteins (21) , and proteins reconstituted into liposomes (22) . This method of size estimation is based on classical radiation target theory (23) , which relates the loss of biochemical or biological activity with increasing radiation exposure. The molecular mass of assayable target molecules is estimated from the rate of exponential decrease of biological activity with radiation dose absorbed. The advantage of this method of molecular mass estimation is that membrane-bound enzymes or other proteins need not be solubilized or purified and can be studied in situ in lyophilized cell preparations or in frozen pure or crude membrane preparations (19, 20) . Radiation inactivation analysis is particularly attractive for estimation of membrane-protein size, as it can give information on the tertiary structural organization of the macromolecule from functional studies in situ (20) .
The structure and organization of bacterial ice-nucleation sites with activity at different temperatures are unknown. The Ice phenotype is stable during lyophilization of intact cells and is readily quantified. The frequency with which a bacterial cell contains an active ice nucleus is less than 10-1 to 10-7. Thus, few if any cells contain more than one ice nucleus. Ice-nucleation sites of these cells are therefore amenable to size estimations by v-radiation target-size analysis. Here we report the estimated size of the ice-nucleation sites active at different catalytic temperatures in INA bacteria P. syringae and E. herbicola and in E. coli carrying the cloned P. syringae ice gene.
MATERIALS AND METHODS
Growth and Preparation of Bacterial Cells. The origin and characteristics of P. syringae strains 31R1 and Cit7, E. herbicola strain 26SR6-2, and E. coli strain HB101 containing the cloned P. syringae ice region on the multicopy plasmid pBR325 (pICE1.1) have been reported (1, 3, 16 (24) , generated 0.85 Mrad/hr (1 Mrad = 106J/kg) with an energy of 1.25 MeV (1 MeV = 1.6 x 10-13 J). A comparison of radiation sensitivity of lyophilized and frozen-hydrated cells was also performed. Samples of lyophilized and frozen samples prepared as above were placed in insulated polypropylene cylinders packed with crushed dry ice, sealed, and placed in steel sample-exposure containers, which were immersed in a water pool and placed in the path of a 6'Co y source with a measured flux of 2.4 Mrad/hr.
After irradiation, all samples were removed from the cylinder and packed on dry ice until stored at -80TC. Duplicate samples were irradiated with each dose in each experiment, and the ice-nucleus content was measured as described below within 2 days.
Measurement of Cumulative and Differential Ice-Nucleus Concentration Spectra. Cumulative ice-nucleus concentrations active at temperatures from 0C to -14C were measured by a droplet-freezing method similar to that described previously (1). Forty 10-,lI droplets from each of seven serial 1:10 dilutions of a suspension containing lyophilized cells at 1 mg/ml in 0.01 M potassium phosphate buffer (pH 7.0) were placed on the surface of a paraffin-coated hollow aluminum block. Since the most active ice nucleus in a drop will determine the temperature at which that drop freezes, only the most active ice nucleus in each droplet is detectable. Therefore, many samples from a series of dilutions of bacterial suspensions are frozen to detect the more numerous, but less active, ice nuclei in a population of cells. The block was cooled at a rate of 0.20C/min and the temperature was recorded continuously with a precision of0.01TC with an embedded digital thermistor thermometer. The true temperature of the block was obtained with an accuracy of ± 0.050C after applying a correction made by measuring the melting temperature of small ice crystals on the surface of the block after each experiment. The cumulative number of drops of each dilution of bacterial suspension frozen with decreasing temperature was determined by visual observation. The cumulative number, N(t), of ice nuclei active at or above a given temperature t was calculated by a method similar to that of Vali (25) :
where F is the fraction of droplets unfrozen at temperature t, V is the volume of each droplet used, and D is the number of 1:10 serial dilutions to which the original bacterial suspension was subjected.
The concentration of ice nuclei active within 10C temperature intervals (differential ice-nucleus concentration) was determined by estimating N(t) at each integral temperature from -20C to -14C from plots of N(t) vs. t by interpolation. The differential ice-nucleus concentration active between temperature t and 10C warmer was obtained as N(t) - temperatures lower than -14C (Fig. 2) . A similar pattern of differential ice-nucleus concentrations in P. syringae strain 31RI, E. herbicola 26SR6-2, and E. coli HB1O1(pICE1.1) over these temperature intervals was observed (data not shown).
Ice-nucleation sites active at the highest temperatures were more susceptible to inactivation by y radiation than those ice nuclei active only at lower temperatures. Cumulative ice-nucleus concentrations of lyophilized cells of P. syringae strain Cit7 exposed to differing amounts of y radiation at 220C exhibited a family of nonparallel curves when plotted against decreasing temperature (Fig. 1) . Cumulative ice-nucleus concentrations active at -50C or higher were reduced by a factor of ca. 100 and 105 after exposure of cells to 0.85 Mrad and 1.7 Mrad, respectively, while icenucleus concentrations active at temperatures of -10'C and higher were reduced only by a factor of 1.5 and 3.0, respectively. The temperature threshold of detectable ice nucleation decreased from -2.50C to -7.3YC for untreated cells and cells exposed to 10.2 Mrad of y radiation, respectively. Cumulative ice-nucleus concentrations of all four INA bacterial strains exposed to differing amounts of 'y radiation displayed qualitatively similar families of nonparallel distributions as shown in Fig. 1 when plotted against decreasing temperatures (data not shown).
P. syringae ice nuclei active within different 1PC temperature intervals each decreased in number logarithmically but at different rates as a function of increasing y-radiation dosage. Significant linear relationships were observed when the logarithms of differential ice-nucleus concentrations of lyophilized cells remaining after y irradiation at 220C were regressed against the dose of y radiation (Fig. 3) . Rates of inactivation of ice nuclei with y-radiation dose were highest for ice nuclei active at the highest temperatures (-3C to -40C) and lowest for ice nuclei active only at low temperatures (-12'C to -130C). Similar log-linear relationships between differential ice-nucleus concentrations active within different temperature ranges and y-radiation doses were obtained for all four INA bacterial strains. The value of D37 was readily obtained by linear regression analysis for ice nuclei active within all 1PC temperature intervals, since highly significant log-linear relationships between differential ice-nucleus concentrations and y-radiation doses were observed over all temperature intervals measured and for all INA bacterial strains. Highly significant linear relationships were observed for all four INA bacterial strains tested when the logarithm of the molecular mass of ice-nucleating structures active within different 10C temperature intervals was regressed against the temperature at which ice-nucleation activity was expressed (Fig. 4) . The significant linear relationships y = -0.189x + 7.48, r = -0.99 (P < 0.01); y = -0.248x + 7.699, r = -0.946 (P < 0.01); y = -0.173x + 7.06, r = 0.816 (P < 0.05); and y = -0.186x + 7.42, r = -0.928 (P < 0.01) between the logarithm of the molecular mass of icenucleation sites (y) and the temperature of ice nucleation (x) was found for lyophilized cells of P. syringae strain Cit7, P. syringae strain 31R1, E. herbicola strain 26SR6-2, and E. coli HB1O1(pICE1.1), respectively, irradiated at 22TC. In all four strains of INA bacteria the molecular mass of the ice-nucleating structure increased log-linearly with increasing nucleation temperature (Fig. 4) . There was no significant difference in the estimated in situ molecular mass of icenucleation sites active at a given temperature amoqg the bacterial strains within the range of nucleation temperatures The size of structures active in ice nucleation within a given 1C temperature interval estimated from frozenhydrated samples and lyophilized cells did not differ significantly (Fig. 5) . The dosage of y radiation required to reduce the ice-nucleation activity of samples held at -85TC by 64% within any 1PC temperature interval was about twice that of samples irradiated at 22TC (data not shown). After applying a temperature-correction factor of 2.1 for D37 in estimations of nucleant mass from measurements made at -85TC for ice nuclei active within each 1PC temperature interval, the sizes of nucleating structures active within each temperature interval did not differ appreciably either from estimates made from lyophilized samples irradiated at 22TC (Fig. 4) or between frozen and lyophilized samples irradiated at -850C (Fig. 5) .
DISCUSSION
Inactivation of biological and/or biochemical activity of macromolecules by radiation exposure directly relates molecular structure with function and is the only means currently available for analyzing sizes of macromolecular components in functional biological membranes (20, 22, (28) (29) (30) (31) (32) (33) (34) . Estimated molecular masses of macromolecules by radiation inactivation have varied from estimates made by conventional biochemical methods by an average of only 14% (26, 29) . This method appeared particularly suited for analysis of bacterial ice-nucleation sites because it estimates the mass of the functional unit that is the minimal structure or assembly of structures required for ice-nucleation catalytic activity (28) . In addition, since the expression of ice-nucleation activity is quantitatively related to the presence and composition of other outer membrane components, studies of ice-nucleant structure currently can be done only in situ.
If ice-nucleation sites active within a unique 1C temperature interval are similarly sized structures, a simple logarithmic loss of differential ice-nucleus content with increasing y-radiation dosage was expected, based on theory and empirical studies (20) . The sizes of ice-nucleation sites active within a given MC temperature interval appear to be relatively discrete. However, the size of sites active at temperatures differing by more than 3YC differ greatly in size (Fig.  4) . A complex curve of loss of ice nuclei with increasing y-radiation dose (described only by two or more exponential functions) was observed when concentrations of ice nuclei active over large (>40C) temperature intervals were used in these studies (data not shown). Such complex decay curves were expected from radiation target theory if ice nucleation sites active within this larger temperature range were composed of different-sized structures. These observations corroborate data (Fig. 4) that indicate that ice-nucleation sites active at different temperatures differ greatly in size. While a single hit with y radiation appears sufficient to reduce the ice-nucleation temperature of an ice-nucleating structure at least MC (Fig. 3) , such irradiated structures may retain some ability to nucleate ice at substantially lower temperatures. However, because the differential concentration of ice nuclei generally increased with decreasing temperatures (Fig.  2) , the contribution of partially inactivated higher temperature ice nuclei to lower temperature nuclei would be quantitatively very low.
The minimum functional size of ice-nucleating structures, which may differ from the size of individual components of the structure or the actual catalytic site, is obtained from analysis of inactivation of ice nuclei by y radiation. The ice-nucleating site may occupy only a fraction of the structural unit that is disrupted by irradiation. y rays cause random primary ionizations, generating about 1500 kcal/mol (26) in the target molecule. The dissipation of this energy within the target molecule damages the structure of the molecule with concomitant loss of biological function (26) .
In many enzymes, which consist of several molecular subunits conjointly required for expression of activity, the estimated molecular sizes correspond to the sum of the mass of each of the components (20, 22, 26) . The use of lyophilized samples in radiation studies of membrane-bound proteins has occasionally been reported to yield artifactually large target sizes, presumably due to spatial changes in membrane structure during drying that might lead to aggregation (35) . No difference in sizes of ice-nucleating structures estimated from irradiated lyophilized and frozenhydrated samples was observed (Fig. 5) (Fig. 4) . The (Fig. 2) .
More than 1000 ice-nucleation sites active between -80C and -90C for every ice nucleus active between -20C and -3C are found in P. syringae cells (Fig. 2) It is significant that the sizes of ice-nucleation sites in P. syringae and in E. coli containing the P. syringae ice gene were nearly identical (Fig. 4) . These two bacterial species exhibit many biochemical and physiological differences. The specificity of ice nucleation appears to be determined by the cloned ice gene and is expressed in quite different biological environments. The cloned ice gene of P. syringae appears to produce a gene product directly involved in ice nucleation.
It is unlikely that any nonproteinaceous molecules in the vicinity of the ice-nucleation site were estimated by yradiation inactivation. The mass of nonproteinaceous components such as oligosaccharides and lipids that may be required for nucleation activity (13) does not generally contribute' to the estimation of target size obtained by radiation inactivation analysis, because energy is not efficiently transferred to noncovalently bound molecules or those bound via amino acid side chains (37) (38) (39) .
Classical theories predict that logarithmically increasing sizes of insoluble homogeneous particles function as ice nuclei at linearly increasing temperatures (40) (41) (42) . The nature of heterogeneous ice-nucleation sites is unknown, but is generally presumed to involve the orientation of a large number of water molecules by hydrogen bonding or hydrophobic exclusion forming a regular array of water molecules resembling an ice-like lattice (40) . Uncertainties in the surface interface parameter and the geometry of nucleation sites make exact predictions of the size of such sites active at a given temperature difficult (42) . If the surface parameter is assumed to be very ice-like, then the predicted diameter of nucleation sites active at -5C is about 160 A (42). Such a large site could be formed from a proteinaceous template with an estimated mass of 2500 kDa (Fig. 4) . The results presented here generally agree with the predicted size of nucleation sites. The results also give insight into the possible structural assembly of Ice proteins into multimeric ice-nucleation sites.
